Four gnotobiotic calves with intestinal lesions induced by third and fourth calf passages of the virus of human infantile gastroenteritis were studied by light microscopy, scanning and transmission electron microscopy, and by immunofluorescence. Calves, 25-72 hours old, were examined 0.5 hours, 3 hours, 7 hours, and 48 hours after the onset of diarrhea. Intestinal histology of infected calves was compared to that of two noninoculated gnotobiotic calves 48 and 72 hours old. The sequence of events in the small intestine was infection of the absorptive villous epithelial cells, replacement of the tall columnar villous epithelial cells with cuboidal and squamous cells, shortening of the villi, enlargement of reticular cells, lymphocytic infiltration of the villous lamina propria and repair. The association of a reovirus-like agent (also called orbivirus [ 11, orbivirus-like 121, rotavirus [ 5 ] , duovirus [3] and infantile gastroenteritis virus [ E l ) with acute human infantile gastroenteritis in several countries [2, 6, 8, 9 , 161 has stimulated investigations for finding animal models for the disease. These studies have shown that the human agent can induce diarrhea in newborn piglets [15, 191, monkeys [20] and calves [14] .
Direct immunofluorescence with conjugate for the calf diarrheal reovirus-like agent [ 121 was done on all tissues except brain and heart. Immunofluorescence in the small intestinal lamina propria was not evaluated because of nonspecific staining of eosinophils. Indirect-immunofluorescence [ 19, 201 on sections of distal small intestine from calf 3 was done with acute and convalescent-phase human infant serum and then by fluorescein-conjugated goat antiserum to human gamma-globulin (Antibodies, Inc., Davis, Calif.). Intestine and mesenteric lymph nodes for transmission electron microscopy were prepared as described (171.
Results
The epithelium in the crypts of Lieberkiihn and colon was not infected. Unless otherwise noted, no gross or microscopic lesion and no immunofluorescence was seen in the other tissues examined. No bacterium was isolated from any of the calves.
Calf 1
Fifteen hours after inoculation, the calf was depressed and was passing liquid feces that had some meconium. Calf 1 was killed 0.5 hours after the onset of diarrhea.
Gross abnormal findings at necropsy included a greater than normal amount of liquid in the distal part of the small intestine and colon and scattered dark red areas in the lungs. Light microscopically, these parts of the lungs had lobules that were normal to atelectatic. The partially aerated and atelectatic lobules had neutrophils in the bronchi and alveoli.
With the scanning electron microscope, villi of the proximal part of the small intestine were of similar length and resembled the finger-like villi of the control ( fig. 1 ). On the tips of some villi, there were small round cells. Tips of scattered villi were denuded ( fig. 2 ). Epithelial cells were squamous along the edge of the denuded lamina propria.
With the light microscope, the villi appeared shortened; the villus-to-crypt ratio was 2.9:l. The epithelium on the lower halves of the villi was cuboidal to low columnar. The epithelium on the upper halves of most villi was cuboidal, but on the tips of some villi the epithelial cells were squamous. Occasionally the tip of a villus was denuded. The villous lamina propria appeared more cellular than normal because of enlarged reticular cells and mild lymphocytic infiltrate ( fig. 3 ). The lacteals were dilated and contained a few macrophages. There was no immunfluorescence in the villous epithelium. Upper mesenteric lymph node was not examined by immunofluorescent microscopy.
With transmission electron microscopy, several small clusters of virions were seen in the cytoplasm of vacuolated epithelial cells. A few virions were in reticular cells in the villous lamina propria. Reticular cells of the upper mesenteric lymph node had vesicular structures with virions in an amorphous electron-dense matrix ( fig. 4 ).
With the scanning electron microscope, the villi of the middle part of the small intestine varied in diameter and shape and did not have a long finger-like structure The villi seen by light microscopy were short and the villus-to-crypt ratio was 3.2:l. The epithelium on the lower halves of the villi had cuboidal to low columnar cells. On the upper halves, the epithelial cells were cuboidal; on a few villi the epithelial cells were squamous. Occasionally, the tip of a villus was denuded ( fig.  7 ). Some loose, dead cells were in the intestinal lumen. There was no immunofluorescence in the villous epithelium. With transmission electron microscopy, virions were seen in the cytoplasm of reticular cells in the villous lamina propria ( fig. 8 ).
With the scanning electron microscope, villi of the distal part of the small intestine had a fairly normal shape when compared with those of the control ( fig.  9 ). The epithelial cells over the villi were round and protruded, thus giving the villous surface an irregular appearance ( fig. 10 ).
Villi seen by light microscopy were tall and the villus-to-crypt ratio was 7.2:l. The epithelium on the upper two-thirds of the villi had tall, columnar cells in which the apical cytoplasm was vacuolated. The villous lamina propria had normal cellularity ( fig. 11 ). The villous epithelium stained with conjugate directed against the calf diarrheal agent fluoresced. By the indirect immunofluorescent technique, there was fluorescence with convalescent-phase but not with acute-phase human infant serum.
With transmission electron microscopy, small clusters of virions frequently were seen in the cytoplasm of vacuolated villous epithelial cells ( fig. 12 ).
Calf 4
The calf developed diarrhea about 18 hours after inoculation and was killed 3 hours after the onset of diarrhea. The calf was not mentally depressed.
The only gross abnormal finding was a greater than normal amount of yellow fluid in the caudal part of the intestine.
Microscopically one section of the lungs had a few lobules that were partially aerated and two that were atelectatic. One partially aerated lobule contained a few neutrophils. There was scattered petechia in the thymus.
With the scanning electron microscope, villi in the distal part of the small intestine were irregular. The villous epithelium had cells of various sizes. Many cells protruded from the surface, thus giving it a rough appearance ( fig. 13 ).
Light microscopically the villi were fairly long; the villus-to-crypt ratio was 4.6: 1 .
The epithelial cells on the lower halves of the villi were columnar and nonvacuolated; those on the upper halves were columnar with apical vacuolation. The cells, however, were not as tall or as vacuolated as those in the control ( fig. 14) . Epithelial cells on the upper half to third of the villi fluoresced when stained with conjugate directed against the calf diarrheal reovirus-like agent. The villous lamina propria was more cellular than normal owing to a mild lymphocytic infiltrate. A few macrophages were seen in lacteals. No virions were seen with the transmission electron microscope.
Calf 5
The calf developed diarrhea 22 hours after inoculation and was killed 6 hours after the onset of diarrhea. The calf was not mentally depressed. Small and large intestine content was yellow and liquid.
With the scanning electron microscope, villi in the distal part of the small intestine were shortened and increased in diameter compared to those of the control intestine. The villous epithelial cells were of various sizes and fitted together poorly, thus giving the surface a rough appearance. Tips of several villi were denuded ( fig. 15 ). Epithelial cells at the edge of the exposed lamina propria were squamous ( fig. 16 ), Light microscopically the villi were short but the villus-to-crypt ratio was 4.6:1. The villous epithelial cells on most villi were low columnar; these cells had a small amount of pale cytoplasm on the tips of the villi. The tips of a few villi were denuded. The villous lamina propria had more cells than normal because of a mild lymphocytic infiltrate ( fig. 17 ). There was no villous epithelial cell immunofluorescence for the reovirus-like agent. No virions were seen with the transmission electron microscope. Time between inoculation and onset of diarrhea. Time between onset of diarrhea and death.
Calf 6
The calf developed diarrhea 24 hours after inoculation. During the diarrheic period, the calf was hungry and alert. Feces passed between 15 and 24 hours after onset of diarrhea were soft and mucoid; the calf, however, acted normally. Feces passed 39 hours after onset of diarrhea appeared normal. The animal seemed normal when killed 48 hours after the onset of diarrhea.
With the scanning electron microscope, the villi in the distal part of the small intestine varied more in diameter than those of the control intestine. The villous surfaces were smoother than those in calves killed a shorter time after the onset of diarrhea; the surfaces resembled those in the control calf. This smoother surface seemed to result from adjacent epithelial cells fitting together better ( fig. 18 ).
Light microscopically the villi appeared fairly long but the villus-to-crypt ratio was 4.4:l. Epithelial cells on villi not over Peyer's patches were columnar and nonvacuolated. Epithelial cells on villi over Peyer's patches were columnar and cells on the distal half of the villi had vacuolated apical cytoplasm; however, the cells were not as tall or as vacuolated as in the control intestines ( fig. 19 ). No virions were seen with the transmission electron microscope.
The villus-to-crypt ratios for control and infected calves are summarized in table I .
.
Discussion
Calf 3 had more severe clinical reactions and villous shortening then calves 4 and 5 , thus showing that individual susceptibility to infection varied.
The villous and epithelial cell lesions were similar to those described in human infant intestine [ l , 4, 7, 181 . In our calves, small clusters of human reovirus-like agent virions were in the cytoplasm; however, in limited studies of infected human intestine, many virions were within the cisternae of the rough endoplasmic reticulum [ l , 7, 181. Changes seen by the scanning and light microscopes in the intestines of calves infected with the human virus were similar to those induced in calves by the calf agent. However, with the tranmission electron microscope, virions were much more numerous in the infections induced by the calf agent than in the infections induced by the human agent; calf agent virions were seen in the cisternae of rough endoplasmic reticulum [ 171.
The pathogenesis of the human reovirus-like agent infection in calves is believed to be similar to that proposed for the calf diarrhea reovirus-like agent [12] . After oral inoculation it seems that the proximal part of the small intestine is infected first and the infection progresses rapidly distally. Infected villous epithelial cells migrate up the villi and are shed. Because of the descending spread of the infection, infected epithelial cells are lost first in the proximal and last in the distal part of the small intestine. The squamous and cuboidal cells that replace the tall columnar absorptive villous epithelial cells contain few if any virions. Thus, when the same area of intestine is examined from calves killed at various times after the onset of diarrhea, all the villous epithelial cells are immunofluorescent; a later examination shows only epithelial cells on the distal halves of the villi are immunofluorescent, and finally, none of the epithelial cells fluoresce. When the columnar epithelial cells are lost, the villi shorten and are covered by cuboidal to squamous cells. Restoration of normal epithelium progresses from the proximal to distal part of the small intestine. Recovery in gnotobiotic animals occurs rapidly, because only 24 hours after onset of diarrhea the feces have a paste-like consistency. By 48 hours after onset of diarrhea, the villi resemble those in noninfected control calves.
Diarrhea in calves infected with reovirus-like agent begins when the villous epithelium in the proximal part of the small intestine is cuboidal to squamous and when that in the distal part is morphologically normal. The apparently normal cells, however, contain viral antigen. Diarrhea, therefore, is believed to result from the accumulation of partially digested milk and digestive fluids in the small intestine. This poor absorption is believed caused by immature epithelium in the proximal part of the small intestine and a change in function from absorption to virus production of the normal but virus-infected epithelial cells in the distal part of the small intestine.
